Pigeon cytosolic malic enzyme has a double dimer quaternary structure with three tryptophanyl residues in each monomer distributed in different structural domains. The enzyme showed a three-state unfolding phenomenon upon increasing the urea concentration 
Pigeon cytosolic malic enzyme is a tetramer with a double dimer quaternary structure, a structure common to all malic enzymes (1) (2) (3) (4) (Fig. 1) . For pigeon enzyme, the dimer and the tetramer interfaces have been demonstrated to have different sensitivities to pH (5, 6) . The dissociated monomers seem to be enzymatically fully active (7) , compatible with the structure that the active site region is remote from the subunit interface region. Each monomer of the enzyme was divided into four domains. The active site of the enzyme is located at the interface between domains B and C, together with contributions from a few residues of domain A. The divalent cation, Mn 2ϩ , which plays dual catalytic and structural roles in the enzyme mechanism, is bound deeply in the active site cleft (1) (Fig. 1 ).
There are three tryptophanyl residues of each monomer, distributed in different domains of the enzyme. Trp-129 is in the dimer interface, Trp-548 is in the tetramer interface, and Trp-321 is in a position not involved in the subunit association. The fluorescence from the individual tryptophanyl residues thus can be an excellent tool in examining the structural role of the corresponding domains (8 -10) .
The enzyme showed a three-state unfolding phenomenon in the urea denaturation process (11) . A partially unfolded dimeric form was populated at a urea concentration of 4 -4.5 M. This intermediate unfolded form gets polymerized easily in the absence of a metal ion. To further characterize this interesting phenomenon, three mutants of the enzyme (W129, W321, and W548) 1 were constructed. Each mutant has only one tryptophanyl residue remaining in the enzyme molecule as indicated by the nomenclature that has been defined. These mutants were used as tools to assess the functional role of different domains in the quaternary structure stability of malic enzyme.
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis-The full-length pigeon liver cytosolic malic enzyme cDNA was cloned in the pET21b vector for expression and site-directed mutagenesis as described previously (12) . This construct yielded the malic enzyme protein without any extra tag amino acid residues at the N terminus. Site-directed mutagenesis was carried out according to the procedures of Kunkel et al. (13) . The synthetic oligonucleotides used as mutagenic primers were: W129F, 5Ј-GCTTCAATCC-TTCCCAGAAAGTGT-3Ј; W321F, 5Ј-CAAAAGGATATTCATGGTTGA-TTC-3Ј; W548F, 5Ј-CTCCTATACCTTCCCTGAAGAAGC-3Ј. The pET21-ME recombinant phagemids were amplified in the ung Ϫ and dut Ϫ CJ236 Escherichia coli strain with the helper phage R408 for preparation of the uracil-containing DNA template. The latter was annealed with phosphorylated mutagenic oligonucleotides and in vitro extended and ligated by T4 DNA polymerase and T4 DNA ligase, respectively. The mutated DNA was screened by transforming into the ung ϩ and dut ϩ JM109 E. coli strain, and the survival colonies were further identified by dideoxy chain termination sequencing (14) . The entire cDNA was also sequenced to exclude any unexpected mutations resulting from in vitro DNA polymerase extension. The absence of adventitious base changes was verified in all recombinant malic enzymes. Expression and Purification of the Recombinant Pigeon Liver Malic Enzyme-The recombinant DNA plasmid was transformed into BL21 bacterial strain. Enzyme synthesis was induced by the addition of 1 mM isopropyl-␤-D-thiogalactopyranoside into the LB medium. After 20-h incubation at 25°C, the cells were harvested by centrifugation at 6000 ϫ g for 10 min. Purification of the recombinant pigeon liver malic enzyme was carried out according to the protocol described previously * This work was supported by the National Science Council, Republic of China (Frontiers in Sciences Program, NSC 91-2321-B-010-002). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
‡ To whom correspondence should be addressed. Tel.: 886-2-2826-7000 (ext. 5530); Fax: 886-2-2820-2449; E-mail: ggchang@ym.edu.tw. 1 The abbreviations used are: W129 (or more precisely, W321F/ W548F), double substitution mutant of the enzyme with residue Trp-129 unchanged but Trp-321 and Trp-548 changed to phenylalanine; W321 (W129F/W548F), Trp-321 unchanged but Trp-129 and Trp-548 changed to phenylalanine; W548 (W129F/W321F), Trp-548 unchanged but Trp-129 and Trp-321 changed to phenylalanine; WT, wild type pigeon liver malic enzyme. (12) . All purified enzymes were subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) to examine the purity.
Malic enzyme activity was assayed according to the published procedure (15) . Apparent Michaelis constants for the substrate and cofactors were determined by varying the concentration of one substrate (or cofactors) around its K m value while maintaining other components constant and at the saturation levels. The kinetic parameters were obtained by fitting the experimental data to appropriate kinetic models. The calculation was carried out with Sigma Plot 5.0 program (Jandel, San Rafael, CA).
Enzyme Denaturation in Urea Solution-WT or mutant malic enzymes preincubated with or without 4 mM Mn 2ϩ were denatured with various concentrations of freshly prepared urea in Tris acetate buffer (0.1 M, pH 7.4) at 25°C for 1 h. The unfolding of the enzyme was monitored by fluorescence and circular dichroism spectroscopic techniques.
Fluorescence spectra of the recombinant malic enzymes were analyzed with a PerkinElmer Life Sciences LS 50B luminescence spectrometer at 25°C. All spectra were corrected for the buffer absorption. Both the red shift and the fluorescence intensity changes were analyzed FIG. 1. Structural features of pigeon liver malic enzyme. A, structural domains of pigeon liver malic enzyme (Protein Data Bank code 1GQ2). The four structural domains of the enzyme, metal ligands, and three tryptophan residues are highlighted. The color codes for each domain are: blue, domain A (residues 1-109); violet and green, domain B (residues 110 -256 (violet) and 443-514 (green), respectively); red, domain C residues 257-442; and yellow, domain D (residues 515-557). For clarity, the ␤-sheets are shown in cyan. The red sphere denotes Mn 2ϩ , and OX denotes oxalate in dark blue. This figure was generated with Molscript (31) and Raster3D (32) . B, molecular surface of the enzyme. The four subunits of the enzyme are colored in red, blue, violet, and brown, respectively. To reveal the active site region and the location of tryptophanyl residues, some surface areas were peeled off. together using the average emission wavelength method (16) . The average emission wavelength (ϽϾ) was calculated according to the following equation,
in which F is the fluorescence intensity and the emission fluorescence wavelength.
The CD measurements were made with a Jasco J-810 spectropolarimeter using a 0.1-cm path length cell under constant N 2 flush. Three repetitive scans between 250 and 200 nm were averaged. Parallel spectra of urea solution without protein were also recorded and subtracted from the sample spectra. Mean residue ellipticity (⌽) was calculated by the following equation, and then denatured with urea under the same conditions as described in Fig. 3 . The mean residue ellipticity at 222 nm, which was changed to the fraction of folded form, was used to monitor the secondary structural change of the enzyme.
in which the weight of mean amino acid residue, M MRW , is 111.42. d is the cell path in cm, and c is the enzyme concentration in mg/ml. The unfolded fraction values (f U ) were then calculated according to the following equation (17, 18) ,
in which y is the observed CD signal. y N and y U are the values of y for the folded and unfolded forms, respectively, under the conditions where y is being measured. The fraction of the folded form is thus obtained by the following relationship:
Characterization of Polymerization of Malic Enzyme during Urea Denaturation by Analytical Ultracentrifugation and Dynamic Light
Scattering Measurements-The sedimentation coefficients of the enzyme under various conditions were estimated by a Beckman-Coulter XL-A analytical ultracentrifuge with an An60Ti rotor. Sedimentation velocity was performed at 20°C and 40,000 rpm with standard double sectors aluminum centerpieces. The UV absorption of the cells was scanned every 5 min for 2 h. The data were analyzed with the SedFit version 8.5 program (19 -21) (web site: www.analyticalultracentrifugation.com/). The solvent density and viscosity in the presence of urea were corrected with the UltraScan version 5.0 (22) (web site: www. ultrascan.uthscsa.edu/). A partial specific volume of 0.7403 was used for malic enzyme (23) . All samples were visually checked for clarity after ultracentrifugation.
The particle size of the protein polymers was estimated by a Photel dynamic light scattering spectrophotometer (DLS-700) at 20°C. The light source was a He-Ne laser beam at wavelength of 632.8 nm. The buffer (100 mM Tris acetate, pH 7.4) and urea in the same buffer solutions were filtered through a glass fiber membrane (0.22 m, Millipore AP 20) to remove fine particles before determination. A modified non-linear least square method based on Zimm's formalism was used in the estimation of particle size distribution (24) .
RESULTS

Characterization of the Tryptophan Mutants of Pigeon Liver
Malic Enzyme-The fluorescence of the indole moiety is highly sensitive to its environment. This makes tryptophan an ideal residue to monitor the conformational changes of protein molecule (25) . Each subunit of the pigeon malic enzyme contains three tryptophanyl residues, located at positions 129, 321, and 548, respectively. Changing any two Trp to Phe results in a mutant with only one Trp left. When excited at 295 nm, only the structural change around that Trp will be reflected by the fluorescence measurement.
All these three tryptophan mutants and the WT malic enzyme gave similar far-UV CD spectrum ( Fig. 2A) , indicating that the substitutions do not alter the secondary structure of the enzyme.
The kinetic parameters of these mutants are shown in Table  I . Since none of the mutated Trp residues are located at the active site, the K m,Mg and K m,Mal values of the mutants do not differ significantly from those of WT. The K m,NADP value of W129 increased by a factor of 6.5 and that for W548 decreases by a factor of 4 than that of the WT (Table I) . These results are conceivable, since W321 was closest to the NADP ϩ binding site (Fig. 1) but was changed to phenylalanine in the W129 and W548 mutants. The k cat values of all mutants, however, were similar to that of the WT value. The above results, therefore, indicated that the tryptophan to phenylalanine substitution does not affect the structural and functional integrity of the enzyme.
Fluorescence Spectral Properties of the Tryptophan Mutants of Pigeon Liver Malic Enzyme-
The fluorescence emission maximum ( ex ϭ 295 nm) for the WT, W129, W321, and W548 were located at 333, 324, 338, and 329 nm, respectively (Fig.  2B ). All these spectra were shifted to 358 nm when denatured with 8.3 M urea.
The fluorescence intensities of the mutants, however, were drastically decreased due to the fact that only one tryptophanyl residue remained in each mutant (Fig. 2B) . At equal protein concentration, the sum of the mutant fluorescence emission spectra does not match to the WT value. It suggests small structural perturbations of the mutations. Alternatively, it may imply that in WT there is some degree of energy transfer of the tryptophanyl residues, probably between Trp-129 of subunit ''a'' and Trp-548 of subunit ''d'' (see ''Discussion'') (25) .
Denaturation of WT and Tryptophan-mutated Malic Enzymes Monitored by the Intrinsic Fluorescence
Changes-Ureainduced denaturation of the WT and tryptophan mutated malic enzymes were monitored by the change in fluorescence emission spectrum at an excitation wavelength of 295 nm. The results were plotted by taking the average emission wavelength (Fig. 3, A-D) and integrated fluorescence area (Fig. 3 , E-H) versus urea concentration. These results are similar to those previously reported for WT enzyme where excitation at 280 nm was performed (11) . Biphasic and monophasic unfolding processes were observed for the WT enzyme in the absence and presence of Mn 2ϩ , respectively. The corresponding [urea] 0.5 values of WT were 2.5, 5.2, and 4.6 M, respectively, for the biphasic and monophasic denaturation unfolding process. The W129 yielded biphasic, but W321 gave a monophasic unfolding curve. Only W548 gave identical results with those of WT. Metal ion provides protection on WT and W548 (Fig. 3, A,  D, E, and H) . No protective effect was found for W129 or W321 (Fig. 3, B, C, F, and G) .
The increase in the characteristic integrated fluorescence area between 3 and 6 M urea in the WT enzyme in the absence of Mn 2ϩ is even more prominent in W129 (Fig. 3F) . two tryptophanyl residues in the intermediate state. Lacking this Trp, W321 and W548 do not have this characteristic peak (Fig. 3, G and H) .
Unfolding of WT and Tryptophan-mutated Malic Enzymes Monitored by Far-UV CD Changes-
The unfolding process of WT and tryptophan-mutated malic enzymes were further monitored by CD spectral change (Fig. 4) . The changes in far-UV CD monitored at 222 nm were converted to folded fractions and then plotted against urea concentration. All four enzymes were unfolded via a three state pathway, indicating the presence of at least one intermediate. In the presence of 4 mM Mn 2ϩ , W129 and W321 still showed a biphasic phenomenon but W548 and WT changed to monophasic.
Quaternary Structural Changes of WT and Tryptophan-mutated Malic Enzymes during Urea Denaturation-According to our previous results, the intermediate state involves polymerization of the partially unfolded dimers and Mn 2ϩ provides full protection up to 4 M urea for WT (11) . Interestingly, the intermediate form was not observed in W321 during the urea denaturation process, which was monitored by fluorescence (Fig. 3,  C and G) . These data are consistent with the involvement of interfacial region in the intermediate state.
We then checked the substituted mutation effect on the quaternary structure with analytical ultracentrifugation. All tryptophan mutants and WT showed a major peak with similar sedimentation coefficient (9 -10 S) in the presence or absence of Mn 2ϩ , except that a small amount of the mutant enzyme was dissociated to the dimeric form (Fig. 5) . However, the results obtained were different when the recombinant enzymes were denatured by 4.5 M urea. Polymerization was found in W129 and W321 enzymes in the absence or presence of Mn 2ϩ (Fig. 6,  B, C, F, and G) . The polymerized forms are quite heterogeneous. In the absence of Mn 2ϩ , W548 enzyme also showed polymerization (Fig. 6D) . The polymerized forms are also complicated, but it appears to have some distinct polymeric species that are different from that observed for the other two mutants. When analyzed by the continuous distribution C(M) Lamm equation model of the SedFit program (19) , the characteristic peaks at 20, 26, 33-35, 40 -41, and 49 -50 S correspond to species with molecular mass of ϳ1500, 2100, 2900, 4000, and 5,500 kDa, respectively. However, when W548 was preincubated with Mn 2ϩ , the structure existed as a dimer instead of a polymer (Fig. 6H) . These results clearly indicated that the replacement of Trp-548 at W129 and W321 leads to polymerization. We have demonstrated that a single replacement of Trp-548 destabilized the quaternary structure of the enzyme.
Dynamic Light Scattering Experiment-The above results clearly indicate polymerization of the enzyme molecule at intermediate concentration of urea. The enzyme solution, even incubated with 4.5 M urea for 1 h, however, was visually transparent. Dynamic light scattering technique was employed to further characterize the polymerization phenomenon.
The dimensions of the tetrameric malic enzyme are 11 ϫ 11 ϫ 5.5 nm determined by x-ray crystallography (2) or 10.2 ϫ 10.8 ϫ 7 nm observed in electron microscopic analysis (23) . The ellipsoidal monomer of the enzyme has dimensions of 4.8 ϫ 5.4 ϫ 7 nm (23) . When examining by the dynamic light scattering technique, WT malic enzyme revealed monodispersed particle with size diameter of 9 nm, compatible with tetramer in solution. Incubating the enzyme with 4.5 M urea for 30 min produced particles of 6.3 nm in diameter, consistent with dissociation of the enzyme into dimers or monomers. Prolong incubation, however, will result in polymerization as manifested by the increasing of particle size upon incubation time. A similar phenomenon was observed for mutant malic enzyme. The particle size of W321, for example, was 4.6 nm when incubating with 4.5 M urea for 30 min. The particle size increased to 25.8 nm after 1 h. Prolonged incubation resulted in aggregation.
The unfolding process of malic enzyme in urea solution, thus, is dissociation of tetramer to partially unfolded dimers and then monomers. The partially unfolded dimers or monomers are easily polymerized and finally aggregated. The signals detected in CD or fluorescence spectroscopy during urea denaturation thus could be partly due to the light scattering effect of the polymers. For this reason the unfolding data shown in Figs. 3 and 4 is only qualitatively discussed. No quantitative analysis of the unfolding thermodynamics was attempted. DISCUSSION We have constructed three tryptophan mutants of pigeon liver malic enzyme to assess the structural role of different domains of the enzyme. All mutants have similar CD spectra, kinetic parameters, and sedimentation coefficients with the WT (Fig. 2A , Table I , and Fig. 5, respectively) . The overall tertiary and quaternary structures of the enzyme seem undisturbed by the mutation.
With these mutants, we explored the contribution of individual tryptophanyl residue by monitoring the CD and fluorescence spectral changes during denaturation process. Only the W548 mutant gave identical results to the WT enzyme (Figs. 3  and 4 ). This suggests that the local environment of Trp-548 but not Trp-129 or Trp-321 is highly correlated to the observed quaternary structural change. The interface region shown in Figs. 1B and 7A clearly indicates that Trp-129 is buried and Trp-321 is far away from the interfacial region. On the other hand, the Trp-548 residue sticks out from the subunit and is located in a deep, hydrophobic pocket from the subunit of another dimer and thus involves in the tetramer interaction (Fig. 7A) (1) . The tetrameric pigeon malic enzyme has been demonstrated to dissociate into dimers and monomers at a lower pH (5, 6) . Examination of the crystal structure of the enzyme shows the presence of a pair of histidyl residues, His-117 and His-202, in which His-117 is located in the binding pocket for Trp-548 (1). It is possible that protonation of these histidyl residues at a lower pH can affect the binding of the Trp-548 residue in the tetramer interface, which in turn, destabilized the tetramer interface. For this reason, substitution of Trp-548 to phenylalanine in W129 and W321 mutants may interfere the interaction with histidyl residues and thus induced some dissociation of malic enzyme as noted in Fig. 5 . Furthermore, Trp-548 is adjacent to Trp-129 from domain A of another subunit. The distance between Trp-129(a) and Trp-548(d) is 15 Å (Fig. 7B) . It suggests that in WT there is some degree of energy transfer between Trp-129 of subunit a and Trp-548 of subunit d (26, 27) . The nearly coplanar orientation between Trp-129 and Trp-548 would optimize their mutual interactions (Fig. 7C ). This could explain the sum of individual mutant's fluorescence is larger than WT, in which some quenching might have occurred between Trp-129 and Trp-548 (Fig. 2B) . The same reason can be extended to explain the characteristic peak for the intermediate unfolding state detected by integrated fluorescence area, which is enhanced in W129 due to the lack of Trp-548 quenching (Fig. 3F) .
The Trp-321 is located at domain C, near, but not directly, to the NADP ϩ binding motif, which is far from the interfacial region (Fig. 1) . Mutation of this tryptophanyl residue in the W129 and W548 mutants do show altered K m,NADP . However, only those enzyme mutants with a chromophore at the dimer or tetramer interfacial region (Trp-129 or Trp-548) will the unfolding intermediate state be detected. For this purpose, CD still can detect the unfolding intermediate in W321 as shown in Fig. 4 . These results demonstrate the usefulness of CD spectra in the studies of protein conformational changes (28) . The pattern of secondary structural change (Fig. 4) during denaturation of the three tryptophan mutants was parallel to the quaternary structural change. All intermediate signals in the secondary structural change of the tryptophan mutants were correlated to polymerization in the urea denaturation. We demonstrate here that a single tryptophanyl residue, Trp-548, near to the C terminus is responsible for the quaternary structure stability of the pigeon malic enzyme.
The partially unfolded intermediate state is unstable and is easily polymerized (Fig. 6) . Metal ion provides full protection against the polymerization up to 4 M urea in WT (11) . This is even pronounced in W548, in which Mn 2ϩ exhibited full protection even at 4.5 M urea (Fig. 6H ). W129 and W321 mutants were polymerized even in the presence of Mn 2ϩ . The involvement of metal ion in the quaternary structure is common (29) . In human mitochondrial malic enzyme, binding of metal ion, Lu 3ϩ , to the enzyme has been demonstrated to induce rigidbody movements of residues in domains A and D, which are located at the dimer and tetramer interface of the enzyme, respectively, and thus change the subunit association affinity (30) (Fig. 1) . The protection of the partially unfolded state from polymerization (aggregation) by a metal ion has important biological significance. In this simple way, the partially unfolded intermediate form will have time to fold properly without diversion to unwanted sidetrack under in vivo conditions.
